Lactoperoxidase (LPO) is an enzyme with antimicrobial properties present in saliva, milk, tears, and airway secretions. Although the formation of microbicidal oxidants by LPO has been recognized for some time, the source of hydrogen peroxide (H 2 O 2 ) for LPO-catalyzed reactions remains unknown. Reactive oxygen species produced by the phagocyte NADPH oxidase (phox) play a critical role in host defense against pathogens; however, analogous oxidant-generating systems in other tissues have not been associated with antimicrobial activity. Several homologues of gp91 phox , the catalytic core of this enzyme, were described recently; dual oxidase (Duox)1/thyroid oxidase 1 and Duox2/thyroid oxidase 2 were identified in the thyroid gland and characterized as H 2 O 2 donors for thyroxin biosynthesis. We examined Duox1 and Duox2 expression in secretory glands and on mucosal surfaces and give evidence for their presence and activity in salivary glands, rectum, trachea, and bronchium. Epithelial cells in salivary excretory ducts and rectal glands express Duox2, whereas tracheal and bronchial epithelial cells express Duox1. Furthermore, we detected Duox1-dependent H 2 O 2 release by cultured human bronchial epithelial cells. Our observations suggest that Duox1 and Duox2 are novel H 2 O 2 sources that can support LPO-mediated antimicrobial defense mechanisms on mucosal surfaces.
R eactive oxygen species (ROS) represent a key component of innate immunity throughout the plant and animal kingdoms. Phagocytes synthesize ROS from superoxide (O 2 -•), a product of the NADPH oxidase enzyme complex (1) . The phagocytic NADPH oxidase consists of the membrane-bound cytochrome b 558 and four cytosolic components: p47 phox , p67 phox , p40 phox , and the small GTP-ase Rac2; cytochrome b 558 is a complex of two proteins: gp91 phox and p22 phox . The essential catalytic core of the oxidase is gp91 phox , a six-transmembrane domain glycoprotein containing structural motifs necessary for heme, flavin, and NADPH binding (1) .
Recently, several gp91 phox homologues were described (2) (3) (4) (5) . Two members of the gp91 phoxhomologue family, dual oxidase (Duox)1/thyroid oxidase 1 and Duox2/thyroid oxidase 2, are expressed in the thyroid gland and are thought to provide hydrogen peroxide (H 2 O 2 ) for the thyroperoxidase-mediated oxidation of iodide (I -) during thyroid hormone biosynthesis (4) (5) (6) . In a remarkably analogous host defense system present in saliva, tears, and other secretions, lactoperoxidase (LPO) oxidizes thiocyanate (SCN -) and I -into reactive compounds with significant antimicrobial activity (7) (8) (9) (10) . Although the LPO system was identified many years ago, a complete understanding of the importance of this system has been lacking because the H 2 O 2 source in this system had not been known. The functional similarities between thyroperoxidase and LPO activities prompted us to explore the roles of Duox1 and Duox2 as potential H 2 O 2 donors for LPO.
Here, we examined Duox1 and Duox2 expression in secretory glands and on mucosal surfaces and discovered their presence not only in the thyroid gland, but also in the salivary glands, rectum, trachea, and bronchium. Furthermore, we provide evidence that these enzymes are sources of H 2 O 2 in these tissues. Our observations suggest that Duox1 and Duox2 are important host-defense components capable of supporting the LPO system on mucosal surfaces.
MATERIALS AND METHODS

Reverse transcriptase-polymerase chain reaction (RT-PCR)
In RT-PCR experiments, either 5 µg of total RNA or 1 µg of mRNA was transcribed into cDNA, using cDNA cycle or Thermoscript cDNA synthesis kits (Invitrogen, Rockville, MD). RNA templates included rat salivary gland RNA for rat Duox2, human thyroid mRNA for human Duox2 and Duox1, and sodium iodide symporter (NIS) and human salivary gland mRNA for LPO. The amplified products were cloned into the pCR 4-TOPO TA-cloning vector (Invitrogen). The identities of the PCR products were verified by sequencing. The following cDNA fragments were cloned: the rat Duox 2 cDNA 3′ untranslated region (UTR) between nucleotides 4601 and 5251 (GenBank accession no. AF237962), the human Duox2 cDNA 3′ UTR between nucleotides 5068 and 5673 (AF230496), the human Duox2 cDNA coding region between nucleotides 4052 and 4860, the human Duox1 cDNA 3′ UTR between nucleotides 5043 and 5666 (AF230495), the human NIS cDNA between nucleotides 161 and 582 (NM_000453), the human LPO cDNA 3′ UTR between nucleotides 2201 and 2710 (XM_042207), and the rat LPO cDNA 3′ UTR between nucleotides 1915 and 2323 (XM_220831).
Northern blot analysis
Total RNAs were prepared from different tissues of adult Fisher and Sprague-Dawley rats, using the Trizol reagent (Invitrogen) following the manufacturer's protocols. Human trachea and salivary gland mRNAs were obtained from Clontech (Palo Alto, CA). RNAs were electrophoretically separated on a 1% agarose formaldehyde gel and transferred to nylon membranes. Membranes were probed at 65°C, using a standard hybridization protocol. Radiolabeled (32-P-dCTP) cDNA probes were prepare using the Prime-It Random Primer Labeling Kit (Stratagene, La Jolla, CA) at 37°C, using the manufacturer's protocol.
In situ hybridization experiments
For in situ hybridization experiments on rat tissues, the rat Duox2 cDNA fragment was used as a template. 35-S-labeled RNA transcripts were synthesized by T3 or T7 RNA polymerases, using linearized vector templates, as previously described (11) . Preparation and probing of fixed and paraffin-embedded salivary gland and rectum thin-section specimens were performed as described previously (11) . For in situ hybridization on human gastrointestinal and respiratory tissues, human Duox1, Duox2 (3′ UTR), LPO, and NIS cDNA fragments in pCR 4-TOPO were used as templates. 35-S-labeled RNA transcripts (sense or anti-sense) were synthesized by T3 or T7 RNA polymerases. Probing of human gastrointestinal and respiratory tissue sets (Novagen, Madison, WI) and human bronchium (Genetix, New Milton, UK) was performed according to the protocol described at http://intramural.nimh.nih.gov/lcmr/snge/Protocols/ISHH/ISHH.html.
Isolation of rectal glands
Freshly isolated rat rectums were washed and placed in ice-cold phosphate-buffered saline (PBS). To dissociate the rectal glands, these tissues were incubated in PBS, containing 5 mM EDTA and 5 mM glucose, at 37 o C with continuous shaking, as described elsewhere with slight modifications (12, and references therein). To achieve a better exposure of the mucosal surface to the buffer, the tissues were inverted. After 30 min of incubation time, these tissues were vigorously shaken manually for 10 s, and the buffer, containing the isolated glands, was removed and replaced with fresh medium. The shaking was repeated twice, and the individual gland suspensions were pooled. Glands were washed once in PBS, resuspended in HBSS with 5 mM glucose, and kept on ice until further use. The viability of rectal gland cells was verified by Trypan blue exclusion. These preparations did not produce significant superoxide when tested with the Diogenes reagent (National Diagnostics, Atlanta, GA), indicating the relative absence of phagocytic cells.
Cell culture
Proliferating normal human bronchial/tracheal epithelial (NHBE) cells were purchased from Clonetics (San Diego, CA). The cells were grown in Clonetics bronchial epithelial cell growth media (BEBM) supplemented with defined growth factors and retinoic acid (0.1 µg/l) contained in the SingleQuot kit (Clonetics). These cultures were maintained as subconfluent monolayers and used within 2-3 wk (<2-4 passages or 10 cell doublings) in functional studies. For subculturing, cells were washed with HEPES-buffered saline, trypsinized (5-6 min), and treated with trypsin neutralization solution (all from Clonetics), using the manufacturer's protocols.
Detection of ROS
H 2 O 2 production was determined by luminol-based chemiluminescence in the presence of 500 µM luminol and 10 U/ml horseradish peroxidase (Sigma, St. Louis, MO). The superoxide detection assays were performed using the Diogenes reagent according to the manufacturer's protocol; this assay was previously shown to be specific for superoxide (superoxide dismutaseinhibitable) when used on neutrophils and other superoxide-generating cells (13, 14) . Both the H 2 O 2 and superoxide assays were performed in 96-well microtiter chemiluminescence plates in HBSS at 37°C for 40 min using a Luminoskan luminometer (Labsystems, Helsinki, Finland).
Assays on isolated rectal glands were performed on 4000-5000 glands/well, measuring total integrated relative light units (RLU) over this time course. Kinetic assays of H 2 O 2 release by human bronchial epithelial cells were performed on trypsinized cell suspensions (150,000 cells/well). These reactions were followed at 12-to 30-s intervals over time courses of 10-20 min following activation by ionomycin (1 uM) in HBSS.
Anti-sense inhibition studies
The following phosphothioate oligonucleotides were synthesized: 5′-GCTGCACCTCCCACGAAATGG-3′ (anti-sense) and 5′-GGTACAAGCCACTCCACGTCG-3′ (sense complement, partly scrambled; control). Oligonucleotides were mixed at 5 uM in serumfree cell culture medium with 8 µl of oligofectamine (Invitrogen) and allowed to incubate for 20 min before adding to human bronchial epithelial cells cell cultures (∼75% confluent) at a final concentration of 1 µM. These cells were grown for an additional 48 h before harvesting and assaying H 2 O 2 release in response to ionomycin (1 µM), as described previously.
RESULTS
Detection of Duox2 in salivary glands
We studied Duox expression in human salivary glands by Northern blot analysis. Duox1 and Duox2 transcripts are close in size (5.5 kb and 6.3 kb, respectively) and show almost 90% homology (4, 5) . Our cDNA probe encompassed a divergent 606-nucleotide, 3′ untranslated segment of the human Duox2 transcript that is distinct from the Duox1 transcript. Figure 1a shows that Duox2 mRNA is expressed in the salivary gland; Duox1 was not detected (data not shown). A second Northern blot experiment, with a cDNA probe corresponding to the Duox2 mRNA 3′-coding region, confirmed these results (data not shown). In another experiment, we studied Duox2 expression in rat salivary glands, using a cDNA probe corresponding to the rat Duox2 mRNA 3′-UTR. Northern blotting detected high levels of Duox2 mRNA in the rat submandibular gland (Fig. 1a) ; this was confirmed by RT-PCR amplification and DNA sequencing. Duox2 expression in the salivary gland, which has well-known gatekeeper functions, prompted us to examine the Duox2 mRNA distribution within the rat submandibular salivary gland. In situ hybridization studies of fixed sections revealed that Duox2 is selectively expressed in terminal portions of the salivary duct system, specifically within epithelial cells of intralobal, interlobal, and main excretory ducts (Fig. 1b-e) . We observed dense capillary networks surrounding the excretory ducts that are consistent with the high oxygen demand for ROS production (Fig. 1b) . This expression pattern suggests that H 2 O 2 production occurs during the final steps of saliva formation, enabling effective delivery of unstable ROS into the oral cavity and preventing oxidant-induced glandular tissue damage.
We also detected components of the Duox2-LPO system in the human parotid gland. Individual components were identified in serial tissue sections by in situ hybridization; their sites of synthesis and secretion are segregated in this tissue. We found that the Duox2 transcript is most abundant within the major ducts (Fig. 1f) , similar to results seen in rat tissues. In contrast, LPO mRNA is expressed deep within the serous acini of the gland (Fig. 1g) . Other substrates for LPO (thiocyanate and iodide) appear to be supplied at intermediate stages of saliva formation. The sodium iodide symporter (NIS), which also transports thiocyanate (15) , was previously detected in this gland, although the mechanisms of I -and SCN -transport into saliva have not been studied in detail. Our in situ hybridization results suggest that this transport occurs in the intercalated ducts, where the highest NIS mRNA levels were observed (Fig. 1h) . Thus, LPO is made in the early stages of saliva formation but becomes fully active only in the final stages, as it encounters H 2 O 2 along with other substrates immediately before delivery into the oral cavity.
Expression and function of Duox2 in the rectum
Dupuy et al. recently reported the presence of Duox2 in the rat colon by RT-PCR (16) . We examined Duox2 levels in several human gastrointestinal tissues and observed low amounts of Duox2 in the cecum and the ascending colon (Fig. 2a) . Interestingly, we detected much higher Duox2 expression in the human and rat rectum, using probes corresponding to the unique 3′ UTRs of these transcripts (Fig. 2a) . Using a probe corresponding to the unique 3′ UTR of Duox1, we did not detect expression of this Duox isozyme in the rectum. In situ hybridization experiments with the rat rectum showed that Duox2 expression occurs in rectal epithelial cells, predominantly within the lower half of the glands (Fig. 2b and 2d ).
To confirm that other Duox-expressing tissues produce H 2 O 2 , we examined H 2 O 2 levels in rectal glands isolated from the rectal mucosa. The rectal glands retained their morphology after the isolation procedure (Fig. 2e) . Using a horseradish peroxidase/luminol-based H 2 O 2 detection method, we observed H 2 O 2 release from these isolate glands (Fig. 2f) ; no significant superoxide was detected in these preparations (data not shown). This H 2 O 2 release was completely blocked by 10 µM diphenyleniodonium (DPI), a potent NADPH oxidase inhibitor (17) . We also observed stimulation of H 2 O 2 production by the calcium ionophore, ionomycin (data not shown). The high expression level of Duox2 in the rectum is consistent with a host-defense function. In the presence of H 2 O 2 , LPO has been recognized as an antimicrobial protein in milk, saliva, and tears, although its presence in the intestinal mucosa has never been recognized. Using a cDNA hybridization probe corresponding to the 3′ coding region of the rat LPO mRNA, we also detected LPO expression in the rectum of the rat by Northern blotting (Fig. 2a) .
Expression and function of Duox1 in large airways
A recent study identified abundant LPO expression in sheep airways, trachea, and bronchi, where it comprises as much as 1% of soluble secreted protein (18) . The report also demonstrated that inhibition of airway LPO reduces bacterial clearance from the airway, although the exact site of LPO production has not been described. In situ hybridization studies on human trachea and bronchium revealed high LPO expression within the submucosal glands ( Fig. 3a and 3c) , where it localized to the serous acini of the glands. After demonstrating LPO expression in human airways, we examined whether Duox enzymes are also expressed in the trachea and the bronchium. We observed Duox1 expression within the pseudo-stratified epithelium of trachea and bronchi ( Fig. 3e and 3g) , suggesting that Duox1 is a potential H 2 O 2 source for the LPO system in these tissues. We also detected the Duox 1 mRNA by Northern blotting in both the human trachea and in NHBE cells (Fig. 3i) . We probed human trachea RNA for the presence of Duox2 mRNA, and it was also positive. We could not, however, verify these observations with in situ hybridization experiments. One possible explanation for the apparent contradiction may be that Duox2 is expressed in the human airway in locations not present in the tissue sections we probed; another is that the commercial human tracheal RNA yielded a Duox2 signal due to contamination with thyroid tissue, which is strongly positive for Duox2 (4, 5) .
To explore this possibility that Duox1 is responsible for production of H 2 O 2 in airway epithelium, cultured NHBE cells (passage 2-4) were tested for H 2 O 2 release in response to ionomycin, because thyroid gland H 2 O 2 production is stimulated by calcium (consistent with the presence of calcium binding EF-hands in both Duox isozymes [4, 5] ). These low-passage primary cultures produced significant H 2 O 2 (but no detectable superoxide) in response to ionomycin, which was shown to be DPI-sensitive (Fig. 3j ). To establish that the H 2 O 2 is attributed to the Duox1 enzyme, we treated these cells with 1 µM anti-sense oligonucleotide corresponding to nt 417-437. Figure 3k shows that significant reductions in H 2 O 2 release were observed following a 48-h treatment of these cells with the anti-sense oligonucleotide, when compared with cells treated with a partially scrambled version of this 21-mer.
DISCUSSION
For several decades, the LPO system has been considered an effective host defense mechanism (7-10, 18). Its antimicrobial activities were extensively characterized in vitro and include activity against a wide range of Gram-positive and -negative organisms. Salivary levels of LPO and thiocyanate, in the presence of H 2 O 2 , were shown to have potent killing activities, although the sources of H 2 O 2 supporting these LPO-catalyzed reactions have remained unknown. Our experiments indicate the NADPH oxidase homologues, Duox1 and Duox2, may provide H 2 O 2 for the LPO system on several mucosal surfaces. We found that Duox enzymes are not only expressed in the thyroid gland, but also in the salivary gland, the rectum, the trachea, and the bronchium. In situ hybridization experiments revealed expression patterns that are consistent with a host-defense function for these enzymes. We also demonstrate Duox2 and LPO expression in the rectum and show that rectal glands produce H 2 O 2 in a DPI-sensitive manner. Finally, we detect high levels of Duox1 along mucosal surfaces of the trachea and the bronchium; its importance as an appreciable source of H 2 O 2 in airway epithelial cells was suggested in experiments showing that H 2 O 2 release was stimulated by ionomycin, inhibited by DPI, and specifically suppressed by Duox1 anti-sense oligonucleotides. These properties are not only consistent with structural features of the Duox enzymes (presence of calcium binding EFhands and sensitivity to the flavin-like inhibitor, DPI), but also agree with observations on the role of calcium in ROS release by thyrocytes (19) .
The co-expression of LPO and Duox enzymes in salivary glands, rectum, trachea, and bronchium is compatible with their acting in concert. Within these tissues, we show that components of the Duox-LPO system are synthesized or secreted at distinct sites, in a manner well suited for functions such as host defense of mucosal surfaces (Fig. 4) . The LPO transcript is produced deep within serous acini of submucosal or salivary glands; the iodide and thiocyanate substrates are delivered within intercalated, interlobular ducts; whereas H 2 O 2 , the most labile substrate that completes the system, appears to be generated by Duox enzymes expressed along terminal excretory ducts and epithelial surfaces of the mucosa, where it may convert to more potent antimicrobial oxidants. The H 2 O 2 produced at these sites may also serve in other biochemical reactions. Edens et al. reported that a Duox homologue in Caenorhabditis elegans mediates oxidative cross-linking of tyrosine residues, thereby stabilizing the extracellular matrix during cuticle formation in this organism (20) . It is possible that Duox1, which is abundantly expressed along the surface of the tracheal and bronchial epithelium, has a role in stabilizing the epithelial barrier.
Several innate oro-pharyngeal and airway host-defense systems have been identified as serving important roles in establishing sterility in the respiratory tract, including hydrolytic enzymes, pore-forming antimicrobial peptides, and lactoferrin (21) . The Duox-LPO system may provide one more microbicidal arm to this arsenal of defenses, with properties uniquely adapted to the mucosal environment. We, and others (22) , have shown that mucosal epithelia cells can generate reactive oxidants, in this case H 2 O 2 , that are not contained (as in phagocytes), but are released into the extracellular medium. The abundant LPO in these secretions generates less potent antimicrobial agents, primarily hypothiocyanate rather than hypochlorite (7-10), which are also less toxic to host tissues (23) . Furthermore, the conversion of H 2 O 2 to toxic hydroxyl free radicals by free iron (Fenton reaction) would be effectively prevented by lactoferrin (24, 25) , another abundant component of airway secretions (21) .
In cystic fibrosis (CF), the innate defenses of the airway are compromised, eventually leading to life-threatening pulmonary complications (26, 27) , although the cause of the CF pulmonary phenotype is still poorly understood. The multicomponent nature of the Duox-LPO system suggests several potential mechanisms by which changes in the CF airway surface liquid could alter the effectiveness of this oxygen-dependent host-defense system. First, the reduced volume of salivary, tracheal, and bronchial secretions in CF, sometimes resulting in formation of obstructive mucus plugs, could affect the delivery or accessibility of one or more components of the Duox-LPO system. Second, as the CF transmembrane conductance regulator (CFTR) is also permeable to thiocyanate (28) , it is possible that thiocyanate and hypothiocyanate levels are reduced on the CF airway surface. Finally, both the increased O 2 consumption observed in CF airway epithelial cells and the generation of hypoxic environments along the CF airway surface could reduce the overall yield of ROS produced by CF epithelial cells.
In the early phase of CF lung disease, Staphylococcus aureus colonizes the airways of CF patients. Infection by the Gram-negative bacterium Burkholderia (Pseudomonas) cepacia is also frequently observed in patients with CF (29) . It is particularly interesting that infections by these pathogens are also characteristic for chronic granulomatous disease, where phagocytic ROS production is deficient (30, 31) . Furthermore, recent work demonstrating that Pseudomonas aeruginosa, the most frequent pathogen of CF patients, grows within hypoxic, mucupurulent masses in CF airways (32) suggests that alterations in local ROS generation may be particularly relevant to the establishment of chronic infections characteristic of CF. Future studies should investigate whether alterations in the Duox-LPO system contribute to the pathogenesis of CF.
Overproduction of ROS also has a role in the pathogenesis of pulmonary fibrosis, asthma, and other respiratory distress syndromes (33) , although the exact molecular mechanisms underlying these processes are poorly understood. To date, most work in these areas has focused on the roles of activated inflammatory leukocytes or environmental agents as the sources of toxic ROS. The discovery of Duox as a novel source of ROS in the bronchial epithelium provides a new candidate mediator of these disease processes. Detection of Duox2 transcript in rat submandibular gland by in situ hybridization; exposed silver grain hybridization signal appears black (60× magnification). b) Rat Duox2 anti-sense probe detects Duox2 in intralobar excretory ducts. Black arrow points to capillaries surrounding duct. c) Control hybridization using Duox2 sense probe is negative. d) Detection of Duox2 in the terminal excretory duct of the submandibular gland. e) Control hybridization using Duox2 sense probe. f-h) identification of components of the LPO-Duox system in human parotid gland. Frames represent superimposed bright-field (Giemsa stained) and polarized epi-illumination images; hybridization signal appears red (60× magnification). f) Duox2 anti-sense probe detected this mRNA predominantly in larger excretory ducts of the human parotid gland. g) LPO expression is seen within the serous acini of the gland. h) Sodium iodide symporter (NIS) mRNA is detected within intercalated ducts. i-k) Corresponding control hybridization with sense strand probes from Duox2 (i), LPO (j), and NIS (k). In situ hybridization results were confirmed in two independent experiments. anti-sense transcripts in trachea (a, c) and bronchium (e, g). Shown are bright-field, Giemsa-stained images superimposed with epi-illumination images, in which exposed silver grain hybridization signals appear red (75× magnification). LPO anti-sense probe (a, c) reveals expression in serous acini of submucosal glands (arrowheads), whereas epithelial layers (arrows) are negative. b) Control hybridization to sections similar to a and c, using LPO sense probe is negative. Abundant Duox1 expression is detected along the epithelium of both the trachea (e) and bronchium (g). i-k) Involvement of Duox1 in H 2 O 2 release by normal human airway epithelial (NHBE) cells. i) Northern blot analysis of Duox1 expression in human trachea (Tr) and cultured NHBE cells. j) Chemiluminescence assays of ionomycin-stimulated H 2 O 2 release by NHBE cells (150,000 cells/well). Squares, ionomycin-stimulated chemiluminescence; triangles, stimulated activity following prior DPI treatment; diamonds, chemiluminescence without stimulus. Similar kinetic profiles were obtained in three separate experiments. k) Effects of Duox1 anti-sense oligonucleotide (1 uM; 48 h) on H 2 O 2 release by NHBE cells. Results are combined averages from four independent experiments (eight assays). A significant difference (P=0.05) in H 2 O 2 release between anti-sense (AS) oligonucleotide-treated and control (scrambled) oligonucleotide-treated cells was indicated using the means and standard errors to perform a Student's t test. a-h) Results were confirmed in two independent experiments. i) Results were confirmed in three independent experiments. 
